One measure used in Sweden to mitigate eutrophication of waters is the construction of small wetlands (free water surface wetland for phosphorus retention [P wetlands]) to trap particulate phosphorus (PP) transported in ditches and streams. Th is study evaluated P retention dynamics in a newly constructed P wetland serving a 26-ha agricultural catchment with clay soil. Flow-proportional composite water samples were collected at the wetland inlet and outlet over 2 yr (2010)(2011) and analyzed for total P (TP), dissolved P (DP), particulate P (PP), and total suspended solids (TSS). Both winters had unusually long periods of snow accumulation, and additional time-proportional water samples were frequently collected during snowmelt. Infl ow TP and DP concentrations varied greatly (0.02-1.09 mg L −1 ) during the sampling period. During snowmelt in 2010, there was a daily oscillation in P concentration and water fl ow in line with air temperature variations. Outfl ow P concentrations were generally lower than infl ow concentrations, with net P losses observed only in August and December 2010. On an annual basis, the wetland acted as a net P sink, with mean specifi c retention of 69 kg TP, 17 kg DP, and 30 t TSS ha −1 yr −1
One measure used in Sweden to mitigate eutrophication of waters is the construction of small wetlands (free water surface wetland for phosphorus retention [P wetlands]) to trap particulate phosphorus (PP) transported in ditches and streams. Th is study evaluated P retention dynamics in a newly constructed P wetland serving a 26-ha agricultural catchment with clay soil. Flow-proportional composite water samples were collected at the wetland inlet and outlet over 2 yr (2010) (2011) and analyzed for total P (TP), dissolved P (DP), particulate P (PP), and total suspended solids (TSS). Both winters had unusually long periods of snow accumulation, and additional time-proportional water samples were frequently collected during snowmelt. Infl ow TP and DP concentrations varied greatly (0.02-1.09 mg L −1 ) during the sampling period. During snowmelt in 2010, there was a daily oscillation in P concentration and water fl ow in line with air temperature variations. Outfl ow P concentrations were generally lower than infl ow concentrations, with net P losses observed only in August and December 2010. On an annual basis, the wetland acted as a net P sink, with mean specifi c retention of 69 kg TP, 17 kg DP, and 30 t TSS ha −1 yr −1
, corresponding to a reduction in losses of 0.22 kg TP ha −1 yr −1 from the agricultural catchment. Relative retention was high (36% TP, 9% DP, and 36% TSS), indicating that small constructed wetlands (0.3% of catchment area) can substantially reduce P loads from agricultural clay soils with moderately undulating topography.
Phosphorus Retention in a Newly Constructed Wetland Receiving Agricultural Tile Drainage Water
Pia Kynkäänniemi,* Barbro Ulén, Gunnar Torstensson, and Karin S. Tonderski E nhanced phosphorus (P) concentrations are a problem for many inland lakes and coastal areas (Smith, 1998) , and losses from agricultural areas are one of the main sources (Withers and Haygarth, 2007) . In Sweden, losses of total phosphorus (TP) from agricultural areas contribute 40% of the TP reaching the Baltic Sea (Brandt et al., 2008) . Phosphorus is one of the factors behind increased eutrophication and associated algae and cyanophyceae blooms in the Stockholm Archipelago and the Baltic Proper (Boesch et al., 2006) . Th e eutrophied state of the Baltic Sea has generated much concern, and international decisions requiring all surrounding regions to reduce the P load have come into force (Brandt et al., 2008) . In addition, Sweden's national environmental goals and the EU Water Framework Directive demand improvements in surface water quality and require a reduction in nitrogen (N) and phosphorus (P) losses from land areas using various mitigation measures (Swedish EPA, 2010) .
One important countermeasure is to construct or restore wetlands. Studies have documented a signifi cant removal of N and P in wetlands receiving urban or agricultural stormwater (Carleton et al., 2001) . Free water surface (FWS) wetlands have also been established as nutrient sinks downstream from agricultural hot spots, such as cattle exercise yards (Gottschall et al., 2007) and farm yards (Dunne et al., 2005) . Constructed wetlands and buff er zones are countermeasures that qualify for environmental subsidies in Sweden. However, there is insuffi cient knowledge about the eff ectiveness of these wetlands and buff er zones as sinks for P, especially in areas with clay soil that have relatively large transports of P to surface waters . Most of the wetlands constructed in agricultural areas of Sweden have been positioned and designed for N removal or biodiversity and not for P retention. Free water surface wetlands are usually designed as shallow ponds with varying amounts of vegetation (submerged or emergent) to promote denitrifi cation, which is the main removal process for N (Kadlec, 1994) . For P, the main retention process is sedimentation, but P is also retained by chemical sorption and biological uptake by plants and algae (Reddy et al., 1999) . Th ese processes require diff erent wetland designs to achieve as high P retention as possible.
Phosphorus removal effi ciency in FWS wetlands receiving nonpoint source runoff varies considerably due to wetland design and location as well as annual variations in water fl ow and P loading (Braskerud et al., 2005; Tonderski et al., 2005) . Hydraulic load is an important factor for nutrient retention in wetlands (Arheimer and Wittgren, 2002; Koskiaho, 2006) , along with seasonality and the nutrient load (Richardson, 1985) . In one month, a wetland may act as a P sink, whereas in the next month it may release a corresponding amount of P. High fl ow events during spring and autumn are most important for P retention in temperate regions. During these periods, the transport of P and particles from arable fi elds is large, and the biological activity is low. During high fl ow events, short water residence times reduce settling of particles with attached P and may lead to resuspension of previously settled particles. Wetland surface area (A w ) in relation to the upstream loading catchment area (A c ) is therefore a determining factor for the load and thus the wetland retention effi ciency. In a certain location, a higher A w /A c ratio increases the retention time of the water, allowing more time for particles to settle and sorption to occur. Th is also decreases the resuspension and loss of P already captured in the wetland (Koskiaho, 2006) , resulting in a more effi cient relative retention (in % of P load). In contrast, the area-specifi c retention will be lower because there is a positive relationship between P load and area-specifi c P retention (Braskerud, 2002; Kadlec, 2005) .
Other catchment characteristics infl uence the P loading to wetlands. Th e average TP retention in seven FWS wetlands in Sweden varying in size from 0.06 to 2.2% of the catchment area was reported to be 3 to 58 kg TP ha −1 yr −1
, which was equivalent to 9 to 38% of the TP load (Strand and Weisner, 2013) . Seventeen wetlands in Scandinavia, Switzerland, and the United States evaluated by Braskerud et al. (2005) varied in size from 0.007 to 8.7% of the catchment area, and the relative retention of particulate P (PP) and dissolved P (DP) increased with increasing wetland surface areas. In Finland, the recommendation for wetland size relative to catchment area is 1 to 2% (Ruohtula, 1996) or >2% (Puustinen et al., 2001) . In line with this, Koskiaho (2006) found that the relatively small Alastro FWS wetland (0.5% of the catchment area) only retained 6 kg TP ha −1 yr −1 (7% of TP load) and acted as a source rather than a sink of DP with −19 kg ha −1 yr −1 (−22% of TP). Th e author concluded that the A w /A c ratio was too low for a fl at watershed dominated by clay soil, resulting in retention times that were too short for settling of fi ne particles and events when resuspension occurred. However, also in relatively large wetlands (>1% of catchment area), considerable interannual variations in P removal effi ciencies have been observed. Th e annual removal was −11 and 59% for a wetland covering 9% of the catchment area ( Jordan et al., 2003) , whereas a variation from −54 to 80% was observed by Kovacic et al. (2000) for wetlands covering 3 to 6% of the watershed areas. Tanner et al. (2005) reported retention effi ciencies of −101% for the fi rst year and 12% for the second year for a wetland with a A w /A c ratio of 1%. Extended periods of P release were also observed in three other wetlands, and this was attributed to the facts that the infl owing P was predominantly in dissolved form and the wetlands were constructed on P-rich soils (Tanner and Sukias, 2011) .
In contrast, in Norway the trend has been to design small wetlands (0.06-0.4% of the catchment area) focusing on the sedimentation process, with a deeper pond for sedimentation followed by a shallow vegetation fi lter. Th ese free-water surface wetlands for P retention (P wetlands) are reported to be effi cient traps for particles and TP (260-710 kg ha −1 yr −1 or 21-44% of TP load) in sloping areas with silty soil (Braskerud, 2002) . Th e P is removed mostly as PP at rates representing up to 45% of the load. Th e author attributed the high PP removal to careful design and appropriate wetland location in streams with high transport of particles eroded from the soils in the catchments. It was also suggested that the location close to the source areas, with a short transport distance to streams, may have resulted in less destruction of the eroded clay aggregates before reaching the wetlands. Th is resulted in a higher settling rate than could have been expected for disaggregated clay particles, as later confi rmed in a study of the settled particles (Sveistrup et al., 2008) . In contrast, the retention of DP in those wetlands was only 5% (Braskerud, 2002) .
In 2010, the Swedish Board of Agriculture implemented a new subsidy for P wetlands based on Norway's positive experiences. However, wetlands with the Norwegian design and location have not been studied under Swedish conditions (i.e., clay soils, less undulating topography, and substantial P losses through tile drainage systems). Studies have shown that the runoff from drainage pipes contains up to 40% P associated with very fi ne clay particles and colloids (Ulén, 2004) . It is likely that the size of the soil particles in the infl ow has a substantial impact on the effi ciency of wetlands constructed as P traps. Hence, it is important to determine the P removal that can be achieved in P wetlands receiving loads from clay soils with tile drains.
Th e aim of this study was to evaluate (i) the initial 2-yr eff ectiveness of a wetland designed for P retention receiving agricultural tile drainage water from a small catchment with clay soil and a moderate slope in Sweden and (ii) the P concentration and retention dynamics in the wetland in diff erent seasons.
Materials and Methods

Site Description
Th e Bergaholm P wetland (59°14′2.47′′ N, 17°42′44.82′′ E) was constructed in August 2009 to reduce the P load to Lake Bornsjön, which serves as the reserve drinking water reservoir for the city of Stockholm, Sweden. Th e climate in the area is cold temperate, with 30-yr mean annual precipitation of 576 mm and a mean annual temperature of 6.4°C (Alexandersson et al., 1991) . Th e 30-yr mean period with snow cover is slightly more than 2 mo per year . Th e mean maximum snow depth during winter was 0.3 m, and the maximum measured snow depth during the reference period ) was 0.6 m (SMHI, 2012). In contrast, the winters in the study period (2009-2010 and 2010-2011) were unusually long (3-5 mo), with nearly permanent snow cover interrupted by just one or two short periods of snowmelt. Th e small catchment area (26 ha) consists of cultivated agricultural fi elds (11 ha), horse paddocks (3 ha), and forests (12 ha). Th e mean animal density in the paddocks is high (3.75 animal units ha −1 ) (Parvage et al., 2011) . Soil P characterization by Parvage et al. (2011) revealed high soil P status aft er extraction in acid (pH 3.75) ammonium lactate solution (P-AL) (Egnér et al., 1960) . Topsoil samples in some areas of the horse paddock contain around 500 mg P-AL kg −1 soil, which is over 80-fold higher than the median value for Swedish arable soils (Eriksson et al., 2010) . Th e topsoil in the catchment typically has around 60% clay and a similar texture to an observation fi eld located nearby (Ulén and Persson, 1999) .
Wetland Design
Th e 0.08-ha wetland (0.3% of the catchment area) was constructed by opening a large drainage pipe and diverting the water through the wetland before discharging it into Lake Bornsjön at the original pipe outlet (Fig. 1) . Th e wetland was designed to fi t into the landscape and has a long, narrow shape to increase hydraulic effi ciency. Th is narrow shape in combination with a deep inlet pond makes maintenance easier, facilitating future removal of P-containing sediment, which can then be returned to the fi elds. Th e wetland is designed to specifi cally retain particles and associated P. Th us, the inlet comprises a 1-m-deep and 27-m-long pond (0.02 ha) intended to decrease the water velocity and thus to allow particles and associated P to settle. Th e pond is followed by two 0.3-m-deep vegetated areas (0.03 ha each) with a total length of 73 m. Th eir intended function is to act as fi lters for particles and to protect trapped sediments from resuspension by stabilizing them within plant roots. To prevent erosion, the edges of the P wetland are covered with a coarse-meshed coconut fi ber net and sown with a mixture of meadow grasses and herbs. A few meters west of the wetland, a long open ditch has been constructed to prevent water from this small uphill catchment area entering the P wetland and to ensure that the water fl ow measured at the pipe inlet represents the total infl ow to the wetland. 
Water Flow and Groundwater Measurements
For the purposes of this study, the wetland inlet and outlet were equipped with V-notch weirs, load cells (Scaime), and a trunk for water displacement connected to a Campbell CR1000 datalogger (Campbell Scientifi c, Inc.) to register the average water level every hour. During two periods in April and May 2010, technical problems occurred, and water fl ow data were missing. For those periods, the water fl ow was estimated using manual measurements of water levels at the V-notch weirs, and the water fl ow dynamics were obtained from continuous water fl ow measurements in the nearby observation fi eld. In periods when outfl ow data alone were missing, the outfl ow was calculated based on regression analysis of measured infl ow and outfl ow as 93% of the infl ow. A fault in the design of the outlet V-notch weir caused measurement errors in periods with very high outfl ow. To avoid overestimation of the retention, the outfl ow was recalculated and set as equal to the infl ow when the outlet water level was above 135 mm.
Th e pattern of groundwater movement was determined by measuring the pressure level in 12 piezometers placed in pairs around the wetland. Th e piezometers were closed at the bottom, and in each pair one piezometer had an inlet slot at 0.4 m and the other an inlet slot at 0.8 m below the soil surface to assess whether groundwater was mainly moving upward or downward. Groundwater level was determined by lowering and simultaneously blowing into a graded long tube and listening for the sound of bubbles, which indicated the groundwater level.
Water Sampling and Analysis
Flow-proportional composite samples were collected at the wetland inlet and outlet ( Fig. 1) weekly or biweekly year round. Aft er 20,000 L of water had passed through the wetland, the data logger triggered a peristaltic pump that transported approximately 20 mL of subsample to a 20-L glass bottle placed in a refrigerator. Samples were collected on 54 occasions during the 2 yr of sampling: 30 samples were collected in 2010, and 24 samples were collected in 2011. Heating cables prevented pumps and tubes from freezing and enabled sampling to be performed year round. During critical periods triggered by snowmelt, the dynamics of water quality changes were investigated using timecomposite samples collected simultaneously at the inlet and outlet. Th ree hourly samples composed of one subsample per 30 min were collected with one ISCO GLS continuous sampler placed at the inlet and one at the outlet.
Water samples were analyzed according to the European Committee for Standardization (ECS, 1996) . Total P was determined as soluble molybdate-reactive P aft er acid oxidation with K 2 S 2 O 8 . Dissolved phosphorus was determined aft er prefi ltration using fi lters with a pore diameter of 0.2 μm (Schleicher & Schüll GmbH). Th e diff erence between TP in nonfi ltered and fi ltered water was considered to be PP. Total suspended solids (TSS) were determined as the weight diff erence before and aft er fi ltration with the same type of fi lters. ) was calculated by dividing the cumulative annual infl ow (m 3 ) by the area of the wetland (m 2 ). Loads of P and TSS (kg) to the wetland and transport from the wetland were calculated by multiplying the concentration (mg L −1 ) in each composite sample at the inlet by the total volume of water (m 3 ) entering the wetland during the corresponding sampling period and the concentration in the outlet sample by the outlet water volume, respectively. Specifi c retention (kg ha −1 ) was calculated by subtracting the nutrient transport out of the wetland from the nutrient load. Relative retention (%) was estimated by dividing the amount of nutrient retained by the nutrient load. Any relationships observed between P concentrations in time-proportional water samples during snowmelt 2010 and the corresponding water fl ow for the same period were indicated by Pearson correlation. Th e relationship between TP retention and infl ow, air temperature, PP, DP, and TSS concentrations was further analyzed using a multiple linear regression model with auto-regressive errors, with two lags for the high-frequency time-composite samples from snowmelt in 2010. Th e time lags were chosen to match the frequency of every sample (3 h) and every second sample (6 h). Th ese statistical analyses were performed using SAS 9.2 soft ware. To determine whether the mean TP concentration in the infl ow was signifi cantly diff erent from that in the outfl ow, the method proposed by Zwiers and von Storch (1995) was used. Th is method is based on computation of the eff ective sample size (i.e., the sample size adjusted by taking the magnitude of serial correlation into account). Th is is then used in the formula of the t test, and the test statistics are compared with table values given in the article by Zwiers and von Storch (1995) . Th is method was used because the observations we had were serially correlated in time and thus could not be counted as "full" observations.
Data Analyses and Statistics
Results and Discussion
Water Load
Th e water infl ow to the P wetland during the study period (15 Jan. 2010 to 31 Dec. 2011) was highly variable with several extreme peaks (Fig. 3a) , resulting in daily water residence times ranging from 5 h to 1010 d during extreme low fl ows in summer (median 7 d). Th e winters of 2009-2010 and 2010-2011 were cold, with snow cover up to 0.5 m deep (Fig. 2) . Th is resulted in intense snowmelt periods in March each year (Fig. 3a) . Th ere was also a short snowmelt in January 2011. When these snowmelts occurred, the wetland received the highest daily infl ow of the entire study period. In 2011, the winter was mild until 31 December and had only 0.02 m of snow cover for a few days in the middle of December. In summer 2010, two extremely intensive periods of rainfall within 5 d at the end of July resulted in the highest hourly infl ow (248 m 3 h −1 ) (Fig. 2) . Th e intensive rain was followed by a rainy August, which resulted in a generally high fl ow for that month. Th e average annual hydraulic load was 60 m yr ) (Strand and Weisner, 2013) . Th at dataset covers wetlands that vary in size from 0.06 to 2.2% of the catchment area, but most are smaller than 0.3% and are located in regions with higher annual runoff . In Norway, P wetlands receive much higher loads (241-661 m yr −1 ) (Braskerud, 2002) , whereas the hydraulic loads on wetlands in agricultural areas in Finland are lower (7-47 m yr −1 ) (Koskiaho et al., 2003) .
Th e outfl ow for the entire study period (including periods with estimated water fl ow when data were missing) was 88% of the infl ow. Th e pattern of pressure levels in the piezometers indicated that water from the wetland infi ltrated to the groundwater year round, which may explain part of this diff erence. Th e infi ltration seems reasonable because the wetland is located just upstream of a big lake, which means that there is a hydraulic gradient toward the lake.
Water Quality Dynamics
Phosphorus Dynamics Based on Flow-Proportional Sampling
Phosphorus concentrations in the infl ow varied greatly during the 2 yr of sampling (Fig. 3b, c) . Th e average infl ow concentrations of 0.30 TP mg L −1 and 0.10 mg DP L −1 showed that about 67% of the P was bound to particles, which was confi rmed by the high TSS concentrations (Table 1) . However, this varied considerably from 22 to 95%. Mean TP concentrations in the outlet were signifi cantly lower than in the inlet (0.18 mg TP L −1 ). Th e p value of the test for diff erent mean concentrations cannot be determined exactly but was approximated to be 0.05 by interpolation between the sample sizes given in the table in (Zwiers and von Storch, 1995) . Th e DP concentration was lower, but not signifi cantly so, at 0.06 mg DP L ) and DP (0.51 mg L −1 ) were observed in October 2010 (Fig. 3b,  c) , whereas the highest infl ow TSS concentration (488 mg L −1 ) was observed during the short snowmelt period in January 2011 (Fig. 3d) . Th e highest TP concentration in the outfl ow (0.47 mg L ) occurred in September 2011. Although the outfl ow TP, DP, and TSS concentrations were usually lower than those in the infl ow, there were a few short-term exceptions. During both snowmelt events in March, when the water fl ow was large, the concentrations of TP and TSS in the outfl ow were slightly higher than in the infl ow (Fig. 2) . On 25 Mar. 2011, we had to shovel out the sediment that had accumulated in the inlet well. Th e large amount of sediment carried to the wetland during the high fl ow event was probably unable to settle before emptying and was instead transported out of the wetland, which could have caused the higher outfl ow concentrations seen at the beginning of April. Th e inlet well was emptied once more on 19 Oct. 2011, which again might have caused enhanced outfl ow TSS concentrations. In August 2010, aft er the heavy rainfall at the end of July, DP was higher in the outfl ow, which could have been caused by fl ush-out of algae cells and fi laments because the wetland was covered with fi lamentous green algae. During ice cover periods in December 2010, TP and DP outfl ow concentrations were also higher than the infl ow concentrations. A possible reason for this could be that the long period with ice cover caused anoxia that reduced iron in the wetland sediment, which released the P bound to iron. Similar observations were made in another Swedish FWS wetland, where it was suggested that accumulated litter and organic sediment caused the development of anoxic conditions, with the subsequent release of iron-bound P during ice cover periods ( Johannesson et al., 2011) .
Phosphorus Dynamics Based on High-Frequency Time-Proportional Sampling
High-frequency time-proportional sampling during the 2010 snowmelt revealed a daily oscillation in TP and TSS concentrations and water fl ow, which followed variations in air temperature (Fig. 4) . Th ere was a delay of some hours between the peak concentrations in the infl ow and outfl ow for TP and TSS. Th e variation within a single day was considerable; over an 18-h period, the TP concentration sometimes varied by more than a factor of 2 and the TSS concentration by a factor of 4. Th e peak in the infl ow concentration occurred in the initial phase of the fl ow peak increase (0.69) ( Table 2 ). Water residence time was 3 to 9 h for the fi rst two periods of sampling and 6 to 16 h for the third. Even though the water fl ow and water retention time were short, there was a decrease in the concentrations of TP and TSS in the outfl ow, and the retention of TP, DP, and TSS correlated signifi cantly with the infl ow concentrations (Table 2) . General linear model analysis showed that the TP retention was positively correlated with infl ow and temperature but also with P concentrations (Table 3) . Th e residuals from the autoregressive model were normally distributed. Total suspended solids and PP were strongly correlated; hence, TSS was not included in the model to avoid multicollinearity. Th is shows that the wetland also functioned as a P trap in periods with simultaneous high fl ow and high concentrations. Th e peak fl ow (137 m 3 h −1
) on 1 Apr. 2010 was not covered by this intensive sampling period due to an interruption in the sampling. Calculations based on the fl ow-proportional sampling (weekly or fortnightly) showed a net release of TP on that date, which indicates that there might be a water fl ow threshold (>130 m 3 h −1
) above which the Bergaholm wetland did not function as a sink for particles and P. An extreme episode reported for one of the Norwegian wetlands had a fl ow peak of 4428 m 3 h −1 (Braskerud, 2001) . Th is Norwegian wetland had a hydraulic load over 10-fold higher than Bergaholm wetland, larger particles in the infl ow, and a settling rate similar to silt particles (Sveistrup et al., 2008) . Th is is a likely explanation for the apparent diff erence between the wetlands regarding water velocity when fl ush-out of sediment occurred.
Th e delay between the inlet and outlet and the hourly concentration variations emphasize how important the sampling method is for retention estimates. In wetlands with dynamic water fl ow and concentration changes similar to those in the Bergaholm wetland, it is important to have fl ow-proportional sampling with water fl ow measurements at the inlet and outlet for more reliable estimates of retention.
Phosphorus Load and Retention
In total, 0.6 kg TP ha −1 yr −1 and 267 kg TSS ha −1 yr −1 leached from the arable land and horse paddocks in the 26-ha catchment studied here. Th is is high for Swedish conditions, where the average TP loss is 0.4 kg ha −1 yr −1 . Clay soils such as that in this study normally have higher P losses than average and are prone to erosion. In combination with long-term fertilization with manure and the fact that parts of the horse paddock had an extremely high soil P status and a high degree of P saturation (Parvage et al., 2011) , this classifi es the catchment as a "hot-spot" for P losses. Th e load to the wetland was 193 kg TP ha −1 yr −1 and 83 t TSS ha −1 yr −1 (Table 1) , which was more than two times higher than most TP loads reported in the literature for other wetlands receiving runoff from agricultural land (Higgins et al., 1993; Kovacic et al., 2000; Jordan et al., 2003; Koskiaho et al., 2003; Reinhardt et al., 2005; Tanner et al., 2005) . However, three of the wetlands with low A w /A c ratios in the study by Strand and Weisner (2013) received loads that were comparable (i.e., in the 100-200 kg ha −1 yr −1 range). Th e two Swedish FWS wetlands with higher P loads (400-675 kg ha −1 yr −1
) had a >7-fold higher hydraulic load but had a lower TP infl ow concentration (0.06-0.16 mg L −1 ). Higher hydraulic loads were also the main reason for the up to 10-fold higher TP loads on the Norwegian P wetlands (i.e., 970-1910 kg ha −1 yr −1 ) (Braskerud, 2002) .
Th e Bergaholm wetland was a net P and TSS sink on an annual basis, retaining 69 and 29,700 kg ha −1 yr −1 , respectively (Table 1) , which corresponded to an annual retention of 0.22 kg TP ha −1 catchment area. Th is was much higher than reported in the cited studies of wetlands receiving lower loads (see above), which could be expected because the P load is an important determining factor for the retention. However, the retention was also two times higher than reported from three Swedish wetlands with similar loads and was in the same range as reported for two wetlands with two to three times higher P load Strand and Weisner (2013) . In addition, the study period covered the fi rst 2 yr aft er construction of the wetland, when the bottom surface had not stabilized (i.e., there was probably more erosion from the bottom sediment and edges because the vegetation had not completely established). In the second year, the loads of TP and particles were larger and the retention also higher, suggesting that even higher retention might be achieved in the next few years ( Table 1 ). Considering that the study period covered 2 yr with extreme snowmelts, resulting in very low residence times in the wetland, the P retention would probably be higher during more normal winters. Nevertheless, the P wetland retained P quite well, suggesting that the design might be effi cient for trapping TP in fl at catchments with tile-drained clay soils. On the other hand, the area-specifi c TP retention in small P wetlands in Norway was even higher (260-720 kg ha −1 yr −1 ), probably due Infl ow concentration † TP PP DP TSS *** Signifi cant at the 0.001 probability level. † DP, dissolved phosphorus; PP, particulate phosphorus.
to a higher P load and diff erent soil properties, as discussed above (Braskerud, 2002; Sveistrup et al., 2008) . Th ere were large variations in monthly area-specifi c TP retention (range, −0.8 to 36.6 kg TP ha −1 yr −1 ), with low retention in the summer season and high retention in the autumn (Fig. 5a) . Th e winter and spring seasons varied between the 2 yr. In 2009-2010, P retention was very low during the cold winter with low fl ow and high in the spring of 2010 with the extreme snowmelt. In 2011, the short snowmelt period in January resulted in a high load of PP and a high P retention. In March, the P load was only half the P load in January, and the PP fraction in the infl ow was smaller. In combination with a higher hydraulic load in March, this resulted in lower P retention in March than in January. Higher outfl ow P concentrations during short periods of the year, such as during snowmelt, did not usually result in a net monthly loss of TP. Th ere were two exceptions when a monthly loss of TP was observed: in August 2010, with intensive rainfall, and in December 2010, with a low fl ow when anoxic conditions might have resulted in a release of P. However, a minor release of TSS was observed in March, May, and November 2011 and much more in September 2011 (2.8 ton ha −1 mo −1 ) (Fig. 5b) . Accumulated sediment was shoveled out of the inlet well in March and at the end of October 2011, which could have contributed to the negative TSS retention in March and November.
As expected, some of the variation in monthly TP retention was explained by the load variation (Fig. 6) . Th is correlation between area-specifi c P load and retention generally applies to nutrient removal in treatment wetlands (Braskerud et al., 2005; Kadlec, 2005) . However, both extreme fl ow events and seasonal changes in the biogeochemical conditions of the wetland contributed to the occasionally large deviations from this general relationship.
In contrast to the positive relationship between areaspecifi c load and retention, the relative retention (% of load) is negatively correlated with the load (Braskerud et al., 2005) . Th e Bergaholm P wetland retained 36% of incoming TP and TSS (Table 1) , which was higher than for three of the fi ve Norwegian P wetlands (21-44%) mentioned earlier with much higher loads (Braskerud, 2002) . However, it was higher than that observed in most previously studied Swedish (10-38%), Finnish (7-62%), Swiss (23%), U.S. (23-88%), and New Zealand (12%) FWS wetlands with lower loads (Higgins et al., 1993; Kovacic et al., 2000; Jordan et al., 2003; Koskiaho et al., 2003; Reinhardt et al., 2005; Tanner et al., 2005; Strand and Weisner, 2013) . Two exceptions with 62 and 88% mean annual effi ciency were wetlands with large A w /A c ratios (5 and 9%) and high infl ow TP concentrations (Higgins et al., 1993; Koskiaho et al., 2003) . Th is indicates that the design of the Bergaholm P wetland facilitated P removal. However, the Alastro wetland in Finland has a similar design (0.5% of the catchment area and a deeper pond followed by a shallow vegetation area) but lower retention effi ciency (7%). A possible explanation is the lower length to width ratio of 5 in the Alastro wetland, compared with 14 in the Bergaholm P wetland, which may have impaired its hydraulic effi ciency (Persson and Wittgren, 2003) . Th e fi rst-order removal rate constant k (m yr −1 ) can be used to compare the effi ciency of P retention in diff erent wetlands while accounting for diff erences in hydraulic load and infl ow concentrations (Kadlec and Knight, 1996) . Braskerud et al. (2005) suggested that k can be used as an approximation of the P settling velocity but also showed that the k value depends on the hydraulic load. However, if the hydraulic load is similar, then the k value can be used to compare the P retention effi ciency between wetlands. In the Bergaholm P wetland, k was 30, which was higher than in all the wetlands in Finland, Switzerland, and the United States evaluated by Braskerud et al. (2005) , which had a hydraulic load below 124 m yr −1 . Th is further supports the conclusion that the design of the Bergaholm wetland was favorable for high PP removal.
Th e relative retention of PP increased in the second year from 12 to 35%. Th e period is not enough to evaluate for how long the P wetland might retain P. Th irty tons of sediment were captured over 2 yr, which implies that the fi rst pond would be half fi lled aft er 7 yr and the sediment would have to be removed. However, for the fi ltering aspect the function may improve when the vegetation has fully established, which may contribute to increased fi ltration and sedimentation capacities and reduced resuspension and transport of particles from the bottom and edges (Braskerud, 2001) . Settled particles have to be removed at regular, but as yet unknown, intervals to prevent fl ush-out during extreme peak fl ows. Consequently, more longterm monitoring of the wetland function is needed to get a better qualitative understanding of how settling rates depend on catchment characteristics. Th is would also serve as valuable input for developing design guidelines (e.g., how large wetlands need to be for a certain catchment type).
Th e eff ectiveness of retained P is oft en strongly related to the form of P entering the wetland (i.e., more PP than DP is generally retained) (Hoff mann et al., 2009 ). Unusually high dissolved P soil concentrations in the horse paddocks in the catchment (Parvage et al., 2011) and a clay soil with the main mineral component illite (Ulén and Snäll, 2007) contributed to a high concentration of DP in the drainage water. However, DP was also retained in the Bergaholm wetland, although at a relatively lower rate than for PP (9 versus 24% of the TP load) ( Table 1) . Over the 2 yr of the study, 28% of the DP load was retained in the wetland. Th is agrees with observations from other FWS and P wetlands (Braskerud et al., 2005) , although contradictory observations have also been reported. For example, Tanner and Sukias (2011) reported poor P removal in three constructed wetlands receiving tile drain water with predominantly dissolved P. Over a 3-to 5-yr period, all those wetlands were net sources of P. In Bergaholm, one period with release of DP occurred aft er the intensive rain in the summer of 2010, which was followed by an outfl ow concentration of 0.22 mg DP L −1
. Th e general summer outfl ow concentrations were below 0.05 mg L −1 , resulting in a low transport of bioavailable P to the lake in this season. Because summer is the most sensitive period for lake water quality, this was a favorable eff ect of the wetland. Because removal of the settled sediment is necessary to maintain the wetland function as a trap for particulate P, this might also help sustain the sorption capacity for dissolved P. Further investigations are necessary to identify the linkage between settling of infl owing particles and sorption of dissolved P.
Conclusions
Th is study evaluated the initial 2-yr eff ectiveness of a small wetland designed for retention of the P in agricultural subsurface drainage water. Th e results showed that this fi rst Swedish P wetland eff ectively retained TP and TSS (69 kg ha −1 yr −1 and 30 t ha −1 yr −1
, corresponding to 36% of the loads). Th is suggests that P wetlands designed for trapping particulate P and located close to the source can substantially reduce P loadings from Swedish agricultural clay soil areas with moderately undulating topography.
Th e time delay between the fl ow increase in the inlet and in the outlet and the hourly variation in concentrations emphasize the need for fl ow-proportional or extremely frequent water sampling for reliable retention estimates. It is also important to conduct water fl ow measurements at the inlet and outlet.
Occasions where P concentrations were higher in outfl ow than infl ow coincided with extreme fl ow events or periods with low fl ow and ice cover, but a net monthly loss of TP was observed only rarely. However, the occasional fl ushout of sediments during high-fl ow events suggests that a sediment removal scheme may be a necessary part of wetland management. Results from longer-term studies may help to defi ne suitable removal intervals. ).
